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We propose that neutrino masses can be zero in vacuo and may be generated by the local distribu-
tion of dark matter through a feeble long range scalar force. We discuss potential phenomenological
constraints and implications of this framework. Our model typically implies that the cosmic neu-
trino background left over from the Big Bang is mostly absent in our Galactic neighborhood. Hence,
a positive detection signal from future proposed experiments, such as PTOLEMY, could in principle
falsify our scenario.
INTRODUCTION
Of all the problems of particle physics that remain un-
resolved in the Standard Model (SM), the presence of
cosmic dark matter (DM) as well as non-zero neutrino
masses mν . 0.1 eV and mixing [1, 2] arguably have
some of the strongest and most robust empirical evidence.
However, after years of experimental and theoretical in-
vestigations, both the nature of DM and the origin of
neutrino masses and mixing remain unknown. Both neu-
trinos and DM, while apparently distinct in character,
share the feature of having feeble - at best, in the case of
DM - interactions with atoms and hence pose a challenge
to measurements of their properties. While neutrinos are
known to have interactions other than gravitational, the
same cannot be said with certainty about DM.
The above state of affairs allows one some space for
speculation about possible exotic interactions of neutri-
nos and DM. While we do not know the spectrum of
DM states, neutrinos are characterized by the smallest
non-zero masses known in Nature. In fact, the minimal
SM predicts that they should be massless, so their tiny
sub-eV masses point to some new physics beyond the
SM. Though we accept this premise in our work, we ap-
proach it from a radically different point of view: that
the small but non-zero masses of neutrinos are not an
inherent vacuum property, but the result of a long range
scalar potential sourced by DM distributions. Long range
forces have received much attention in the literature due
to their various implications for dark sector dynamics.
The notion of a long range force was introduced by Ref.
[3] and their possible applications to dark matter inter-
actions have been studied from the smallest scales in our
Galactic halo to the largest scales in cosmology [4–17].
Adopting the formalism introduced in Ref. [8], we con-
sider a long range force between dark matter and neu-
trinos, which is mediated by a light scalar φ. For a
discussion of potential theoretical motivations for such
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a scalar and related questions, we refer the interested
reader to Ref. [8], for example. If dark matter sources
neutrino masses then the neutrinos may be massless in
empty space, but acquire small masses near non-trivial
populations of DM. This scenario would imply that the
neutrino mass matrix can vary substantially throughout
space and with time. In particular, neutrinos would have
very different properties in different parts of our Galaxy.
In what follows, we will provide a simple phenomeno-
logical model of how the above neutrino mass generation
mechanism can be realized. We will then address some of
the potential constraints that may apply to our scenario;
it is shown, generally speaking, that the most obvious
concerns about the viability of our idea can be addressed.
Next, we will focus on possible signals and tests of our
hypothesis. Some speculations and a summary will be
presented in closing. For possible effects of astrophysical
backgrounds on neutrino properties, in a different frame-
work, please see Ref. [18].
DYNAMICS
The basic interactions of interest for our analysis are
given by
Li = −gXφ X¯X − gν φ ν¯ ν , (1)
where X is a DM fermion and ν is a neutrino in the
SM. Here, we assume that both particles are Dirac
fermions, however our mechanism can accommodate Ma-
jorana masses for the SM neutrinos if there is a mass term
for right handed neutrinos in the Lagrangian. In what
follows, we will take the couplings of φ to other SM states
to be negligible. The above interactions can be straight-
forwardly generalized to include a matrix valued gν that
would yield the requisite mixing angles and masses. We
will adopt mν ∼ 0.1 eV as a reasonable representative
value for neutrino mass eigenvalues, where a mild varia-
tion can accommodate the current inferred mass squared
differences. We note that current oscillation data allows
for one of the mass eigenvalues to be  0.1 eV and in
principle even zero; we will address this scenario later in
the text. The mass terms of interest, in vacuo, are given
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where mX and mφ are the masses of X and φ, while
neutrinos are massless, in empty space. We will focus
on values of mX ∼ GeV though our conclusions do not
strongly depend on this choice. In the presence of a con-
stant background φ, neutrinos have an apparent mass of
mν ≡ gνφ , (3)
which can be positive or negative. This mass term can
be made positive, as is typical, by performing a chiral
transformation of the neutrino field. We shall use the
positive mass convention.
We assume a force between the non-relativistic dark
matter and neutrinos given by a Yukawa potential of the
form
Vφ(r) = −gXgν
4pi r
e−mφ r, (4)
where r is the distance between the two interacting
species. The force is attractive if gX and gν have the
same sign, and is repulsive if gX and gν have opposite
sign. We shall see later that, in order to have positive
masses, the force between dark matter and neutrinos will
always be repulsive in our model.
We compare the strength of the long range interaction
with that of gravity. In the limit where the scalar mass
mφ is sufficiently small, the ratio of the Yukawa coupling
to the gravitational coupling is given by
βf =
MP gf√
4pimf
, (5)
where MP ≈ 1.2× 1019 GeV is the Planck mass [19] and
fermion f = X, ν. Given the above setup, the equation
of motion for φ is given by
(+m2φ)φ = −gXX¯X − gν ν¯ν. (6)
For a fermion f of number density nf and typical velocity
vf , Lorentz invariance yields
f¯ f = nf 〈
√
1− v2f 〉. (7)
Here, 〈. . .〉 denotes an ensemble average. For the rest of
our discussion, we will only consider non-relativistic DM,
with vX  1, well after its relic density has been estab-
lished. We will assume populations of X and ν that can
be considered spatially uniform and static over the dis-
tance and time scales relevant to our discussion, implying
φ ≈ 0 in what follows.
The mean energy of neutrinos is given by 〈Eν〉 =
mν/〈
√
1− v2ν〉 and in our approximation, 〈EX〉 ≈ mX +
gXφ, which ignores the kinetic energy of DM. Therefore,
Eq. (6) yields
φ ≈ −gXnX
m2φ + ω
2
ν
, (8)
where ω2ν ≡ g2νnν/〈Eν〉 denotes the screening mass
squared for φ induced by the neutrinos. Since number
densities and energies are strictly positive, we note that
φ and gX have opposite sign. Thus, according to Eq. (3),
mν is positive if gX and gν have opposite sign. This
confirms our statement that the Yukawa force between
neutrinos and dark matter is repulsive. We will next ex-
amine how the above can allow for mν ∼ 0.1 eV from the
DM distribution around the Solar System.
If the screening mass ω2ν from neutrinos dominates over
m2φ, then Eq. (8) reduces to
φ ≈ −gXnXEν
g2νnν
(9)
If we replace φ using Eq. (3), we then find
mν
Eν
≈ −gXnX
gνnν
. (10)
which tells us that when neutrino number density is the
dominant factor, neutrinos will be relativistic. Before
structure formation, the number density of neutrinos
dominates DM throughout the cosmos, for the typical
masses we consider here. Until DM densities become
enhanced at late times, the neutrinos would then drive
φ→ 0 as seen in Eq. (9), and the neutrinos will thus re-
main relativistic and nearly massless. Once DM clumps
sufficiently it can drive out the cosmic background neu-
trinos from the DM dominated regions. To see this, note
that if the local DM population generates mν ∼ 0.1 eV
(which acts like a repulsive potential barrier) near the
Solar System the cosmic background neutrinos, charac-
terized today by kinetic energies of O(10−4 eV), would
not have enough energy to enter this region of space and
would be repelled from it.
As noted above, one of the neutrinos may be much
lighter than the others in our Galaxy and that species of
relic neutrinos can have enough kinetic energy to enter
our region of space (we will refer back to this discussion
in the section on Observational Tests). Aside from that
special case, the dominant population of neutrinos near
the Earth is due to the Solar neutrino flux which yields
nν ∼ 1 cm−3. This number density falls off rapidly like
the flux the further we move from the Sun. If one had
to assume ∼ 109 stars in a kpc (as will be considered in
the following analysis) neighborhood around the Earth
(with ∼ pc distance between the stars), one can show
that the average number density of neutrinos, from all
the stars in this Galactic neighborhood, is ∼ 0.1 cm−3.
Then Eqs. (6) and (7) imply that the stellar neutrino
3contribution to our potential is negligible, for Eν ∼ MeV
and our choice of parameters.
In order to keep the properties of neutrinos across the
Solar System uniform, one needs to assume that the size
of DM distribution that contributes to mν is much larger
than AU ∼ (10−18 eV)−1. However, in order to avoid
conflict with the inferred behavior of DM on scales of
& 1 kpc, where simulations and observations seem to
agree, we limit the range of the scalar interaction; we will
adopt mφ ∼ 10−26 eV ∼ (0.7 kpc)−1 for the following
discussion. Thus one can show
mν ∼ 0.1 eV
( gν
10−19
)( gX/mX
10−19 GeV−1
)
×
( ρX
0.3 GeV.cm−3
)(10−26eV
mφ
)2
, (11)
where for the above set of parameters in our local Galac-
tic neighborhood, we find that we can ignore the screen-
ing mass in Eq. (8) (even if we include the stellar neutrino
number density derived above, which is a gross over-
estimate on the kpc scale). Based on the tidal stream
bounds from Refs. [11, 12, 20] we require βX . 0.2 for
mφ . 10−27 eV which implies gX/mX . 10−19 GeV−1.
We are not aware of any stringent bounds on gν besides
the requirement of neutrino free streaming in the early
Universe (at T ∼ 1 eV)[21]. Requiring that the neutrino
scattering rate (∼ g4νT ) be less than the Hubble expan-
sion rate (∼ T 2/MP ) leads to gν . 10−7, which is not a
severe bound in our case, given Eq. (11).
The above brief analysis shows that one could in princi-
ple account for neutrino masses and mixing in our Galac-
tic neighborhood using the scalar potential sourced by
DM. To quantify this, we consider not only the dark mat-
ter distribution in our local neighborhood, but through-
out the MilkyWay Galaxy. For illustration, we assume
the three DM density profiles that are popular in the lit-
erature: the Navarro-Frenk-White (NFW), Einasto and
Burkert density profiles (please see Refs.[22–24] for their
functional forms). From these, we map the distribution
of the neutrino mass as a function of the Galactic ra-
dius, depicted in Fig. 1. For each profile, we require
ρX(r) = 0.3 GeV.cm−3, where r = 8.5 kpc is the
Galactic radius at the position of the Solar System. For
the cuspy NFW and Einasto (α = 0.17) profiles we as-
sume a scale radius R = 20 kpc, while for the cored
Burkert profile we assume a core radius rc = 16 kpc
[24, 25].
We note here that the density of DM in other parts of
the Galaxy does not get much larger than the local value
near the Solar System. Even with an enhancement of
O(103), the neutrino mass mν ∝ nX is O(100 eV), which
should not affect physical processes relevant to stellar and
Galactic dynamics significantly.
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FIG. 1: Neutrino mass as a function of the Galactic radius
for different dark matter density profiles. The red-dashed line
represents a cuspy Einasto profile, the blue solid line repre-
sents a cuspy NFW profile and the green dot-dashed line rep-
resents a cored Burkert profile. For all the profiles we require
that ρX(r) = 0.3 GeV.cm−3 and mX = 0.3 GeV, where
r = 8.5 kpc. With these parameters we obtain mν ∼ 0.1 eV
in our local Galactic neighborhood.
Early Time Dynamics
Let us now briefly consider earlier times, before DM
has developed large scale overdensities. In particular,
let us consider the cosmic microwave background (CMB)
era, corresponding to T ∼ 1 eV. At this and earlier times,
we can take the DM and neutrino distributions to be
homogeneous. Also, the time scale for cosmic evolution,
given by the Hubble timeH−1 ∼MP /T 2, around this era
(roughly assuming radiation domination) is much larger
than m−1φ , and hence the potential for φ changes slowly
compared to the relevant physical scales. Therefore, we
can use the approximation φ ≈ 0 here.
The ratio of DM number density to entropy s ∼ gsT 3,
with gs counting the relativistic degrees of freedom [26],
is roughly given by
nX
s
∼ 10−9 mp
mX
, (12)
where mp is the proton mass (the above relation can be
obtained from a similar one based on the baryon asym-
metry). On the other hand, the neutrino number density
nν ≈ T 3 in the CMB era.
Since gX and gν are not taken to be very different
in our discussion, we then see that the neutrino scalar
charge density gνnν  gXnX at early times (for the typ-
ical masses we discuss here). Hence, the neutrino plasma
is dominant in the early Universe. For our choice of pa-
rameters, we find ων ∼ 10−19 eV  mφ, for T ∼ 1 eV.
Thus, in the CMB era, Eqs. (9) and (10) hold. Using
4Eq. (12), this yields
mν ∼ 10−9
∣∣∣∣gXgν
∣∣∣∣ ( mpmX
)
Eν . (CMB era) (13)
Therefore, for the typical range of parameters consid-
ered here, neutrinos are relativistic and nearly massless
around the CMB era. The above analysis is not valid at
much earlier times, when the range of φ is limited by the
horizon size instead of ων . The relevant temperature is
given by H & ων , which roughly yields T & gνMP . For
gν ∼ 10−19 we find T & 1 GeV. This estimate suggests
that our preceding discussion is valid at least up to the
era of Big Bang Nucleosynthesis (T ∼ 1 MeV), which
is the earliest cosmological time that is constrained by
observations.
Potential Constraints
One may worry that in places where a large density
of neutrinos is present considerable conflict with obser-
vations would arise. In the current cosmological epoch,
the largest neutrino number densities are those charac-
terizing the initial stages of a supernova explosion, where
a neutrino sphere of radius ∼ 100 km forms, containing
roughly O(1057) neutrinos. This corresponds to an enor-
mous number density nsnν ∼ 1036 cm−3. However, these
neutrinos are very relativistic, with Eν & 1 MeV. There-
fore, in the static distribution limit, we would expect
φ → 0 within the neutrino sphere and hence the super-
nova dynamics may not change appreciably. For a re-
lated discussion on long range forces acting on neutrinos
in neutron stars please see Ref. [27]. Next we show that
the dark matter accumulated within the Sun would not
affect the neutrino properties in the solar interior signifi-
cantly. For the range of parameters we discuss here, dark
matter would accumulate within a radius Rcore ∼ 105 km
[28, 29]. Then the maximum contribution of the trapped
dark matter to the neutrino mass in the Sun (near the
core) would be
δmν ∼ gνgXNX
Rcore
, (14)
where NX is the number of dark matter particles within
the core of the Sun. Even if one was to consider max-
imum dark matter accumulation due to self-interaction
in the Sun, with NX ∼ 1040 [30], one would find δmν ∼
10−15 eV, which is a negligible contribution to the neu-
trino mass and would not have an effect on the solar
neutrino dynamics.
As illustrated in Fig. 1, as one moves away from
the central parts of the Galaxy, the neutrino mass be-
comes smaller than O(0.1 eV). Given that current ob-
servational bounds on the sum of the neutrino masses,
from their effects on large scale structure [31–33], is at
or above O(0.1 eV), we do not expect severe constraints
from these astrophysical and cosmological observations
on our scenario.
At this point, we would like to address some generic
model building issues. In particular, one could ask why
the neutrinos would not get masses from the Higgs mech-
anism, like other SM fermions. This could perhaps be
a consequence of underlying symmetries that forbid a
neutrino-Higgs Yukawa coupling, as we will discuss next.
For example, let us assume that right-handed neutri-
nos are odd under a Z2 parity, but none of the SM states
have this parity. As long as φ is also Z2 odd, then one can
achieve a coupling φν¯LνR from the dimension-5 operator
O1 = φH
∗L¯νR/M , where H is the Higgs doublet field
and L is a lepton doublet, in the SM. For gν ∼ 10−19, as
in the above, 〈H〉 ∼ 100 GeV implies that one then needs
an effective value M &MP . This suggests that the above
operator is generated by very small couplings and high
mass scales. If the right-handed X, for example, is Z2
odd, then one can also induce φX¯LXR. However, now, a
Dirac mass term for X cannot then be written down, if
Z2 is a good symmetry. We must then assume that mX
is generated by a “dark” sector Higgs field Φ that sponta-
neously breaks Z2. To distinguish X from νR and ensure
the stability of X, we will postulate that there is a U(1)X
under which only X is charged: Q(XL) = Q(XR) = −1.
If Z2(Φ) = −1 one can write down ΦX¯LXR and φX¯LXR.
Note that The former interaction leads to a mass term
for X with 〈Φ〉 6= 0. For values of mX considered in our
work, we may expect 〈Φ〉 ∼ 1 GeV.
With the above assumptions, one can write down the
dimension-5 operator O2 = ΦH
∗L¯νR/M that can con-
tribute to mν 6= 0. The effect of O2 is negligible, with our
assumptions. To see this, note that for 〈Φ〉 ∼ GeV, O2
would lead to a very small neutrino mass mν . 10−8 eV
and the long range mechanism we have introduced here
would be the main source of mν ∼ 0.1 eV in and around
the Solar System.
OBSERVATIONAL TESTS
The scenario we have introduced can pose a challenge
to experimental verification. In principle, if the large
scale behavior of DM shows deviations from purely grav-
itational dynamics, one may be led to the conclusion that
there is a long range force that acts upon DM. The effect
of this new force on neutrinos may be harder to establish.
However, as discussed earlier, our scenario typically sug-
gests that cosmic background neutrinos do not enter the
region around our Solar System at the current epoch,
unless their induced mass is much less than their total
kinetic energy of O(10−4) eV. With this caveat, in the
event that any of the proposed cosmic neutrino detection
experiments succeeds in finding a signal, one could view
this prediction of our scenario to be falsified.
5The detection of cosmic background neutrinos would
be a major success of the field of particle physics. To
date, there are several proposed methods of detecting
these neutrinos, including the Stodolsky effect [34], the
Cavendish-like torsion balance [35–37] and interactions
with Ultra-high energy cosmic rays [36]. However it
seems the most promising technique for the near future
is neutrino capture (please see Refs. [38, 39] for further
information) which will be exploited by the PTOLEMY
experiment[40], the technique of which relies on the relic
neutrino having a mass not far below 0.1 eV [41]. Note
however that our mechanism does not allow for such relic
neutrino species to be present near the Solar System.
Hence, a near future experiment such as PTOLEMY
could in principle test our model.
SUMMARY
In this work we raise an interesting possibility that neu-
trinos may be massless in empty space. We introduce a
model in which there exists a long range scalar mediated
force between neutrinos and dark matter. In this scenario
the background scalar potential sourced by the Galactic
population of dark matter provides non-zero masses for
the neutrinos. With the local dark matter densities in
our Galaxy, our model can give mν . 0.1 eV neutrino
masses around our solar system and different masses in
other areas of the Galaxy. In addition, because this scalar
potential is the source of the neutrino mass and thus de-
termines the sign of the neutrino mass term, the force
between dark matter and neutrinos will always be re-
pulsive. As a consequence, cosmic background neutrinos
have been forced out of our local Galactic neighborhood
by the dark matter due to this repulsive interaction and
no longer have enough energy in the present day to en-
ter the Solar System (unless a very light mass eigenstate
exists). Thus the two generic features of our proposed
neutrino mass mechanism are neutrino masses which de-
pend on local dark matter concentrations and the absence
of cosmic backround neutrinos in our Galactic vicinity.
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